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 ABSTRACT 
Cl-functionalized tips for scanning tunneling microscopy (STM) are obtained by 
in situ modifying a tungsten STM-tip on islands of ultrathin NaCl(100) films on 
Au(111) surfaces. The functionalized tips achieve a neat atomic resolution 
imaging of the NaCl(100) islands. With respect to bare metal tips, the 
chemically modified tips yield a drastically enhanced spatial resolution as well 
as a contrast reversal in the STM topography images, implying that Na atoms 
instead of Cl atoms are imaged as protrusions. STM simulations based on a 
Green’s function formalism explain the experimentally observed contrast 
reversal in the STM topography images as due to the highly localized character 
of the Cl-pz states at the tip apex. An additional remarkable characteristic of the 
modified tips is that in dI/dV maps a Na atom appears as a ring with a diameter 
that depends crucially on the tip-sample distance. 
 
 
 
 
 
 
 
 
  The chemical termination of the tip apex in 
scanning tunneling microscopy (STM) experiments 
determines the interaction between the wave 
functions of the tip and those of the sample and 
hence the resolution that can be achieved in STM 
images. For example, it has been demonstrated that 
a molecule-terminated STM tip yields 
high-resolution molecular-orbital imaging due to 
the p-orbital character of the tip apex, far superior 
to what is achieved with a bare metal tip [1, 2]. 
Atomic resolution imaging is of utmost importance 
for the manipulation and investigation of surface 
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point defects and adatoms, as well as for the 
determination of the atomic structures of molecules 
and nanoparticles [3-6].  
  Ultrathin insulating films grown on conductive 
substrates effectively reduce the electronic coupling 
between deposited nanoparticles and their metallic 
support and are therefore ideally suited for local 
probe based investigations. This way, the intrinsic 
electronic properties of atoms [7], molecules [8, 9], 
and clusters [10], as well as charge [11, 12] and spin 
[13-15] manipulations of single atoms have been 
investigated on different ultrathin insulating films, 
including magnesium oxide, sodium chloride, and 
copper nitride. Among these insulating materials, 
NaCl has the advantage that it can be grown as 
atomically flat layers on various metal surfaces 
[16-19] and that the thickness of the layers can be 
tuned [20]. Previous STM experiments have 
reported atomic resolution on ultrathin NaCl films 
in STM topography images [16, 19, 21]. Via density 
functional theory (DFT) based calculations in the 
Tersoff-Hamann approximation it has been found 
that the protrusions observed in the topography 
images using a bare metal tip are Cl atoms, while 
the Na atoms cannot be resolved [16, 21]. Recently, 
we showed that simultaneous visualization of both 
atomic species of (bilayer) NaCl on Au(111) can be 
achieved in the local hcp regions of the Au(111) 
surface reconstruction in the dI/dV maps using a 
Cl-functionalized tip [22]. We also illustrated that 
such tips can be used to probe the surface of 
(hemi)spherical nanoparticles [i.e., Co clusters 
deposited on NaCl(100)/Au(111)] with atomic 
resolution, which could not be achieved with a bare 
metal STM tip [23]. In Refs. [22] and [23], 
functionalization of the STM tip was only 
occasionally obtained by uncontrolled picking up 
of a Cl ion during repeated scanning of the NaCl 
surface in close proximity, thereby hampering more 
challenging systematic investigations. 
  Various experiments with controlled 
functionalization of the STM tips have been 
reported before [1, 2, 24]. To obtain such tips, it was 
required to introduce “impurity” molecules, such 
as CO, O2, and H2, on the sample, which can be 
picked up by the STM tip to achieve 
functionalization and enhanced resolution. When 
investigating the properties of nanoparticles, 
especially metal nanoparticles, the adsorption of 
CO, O2 or H2 molecules on the sample may result 
in unwanted reactions with the nanoparticles and 
modify their properties. Therefore, it would be 
advantageous if the STM tip can be conveniently 
functionalized with a species that is available on 
the clean substrate surface, without the need to 
introduce extra impurity molecules.  
  Here, we demonstrate that chemically modified 
STM tips can be controllably obtained on ultrathin 
NaCl(100) films on Au(111) by bringing the tip into 
contact with the NaCl surface via current-distance 
spectroscopy. Using such Cl-functionalized tips, 
atomic resolution of mono-, bi-, and trilayer NaCl 
islands is routinely achieved in STM topography 
images as well as in constant-current dI/dV maps. 
We find that the resolution and the appearance of 
the atoms in such dI/dV maps depend crucially on 
the tip-sample distance, which can be related to a 
different overlap of the tip and sample wave 
functions at different tip-sample distances. 
Theoretical STM simulations based on a Green’s 
function formalism reveal that the observed drastic 
enhancement of the contrast as well as the contrast 
reversal in the topography images can be explained 
by the Cl-termination of the STM tip apex.  
  NaCl layers are grown using vapor deposition at 
800 K in the preparation chamber of the STM setup 
(Omicron Nanotechnology) in ultra-high vacuum 
(UHV). Monolayer and bilayer NaCl(100) islands 
are formed when, during the NaCl deposition, the 
Au(111) substrate is kept cold or at room 
temperature, respectively. Subsequent annealing of 
the sample to 460 K yields trilayer NaCl(100) 
islands [20]. The STM measurements are performed 
in UHV (10-11 mbar) and at low temperature (Tsample 
= 4.5 K). Tunneling voltages are always given for 
the sample, while the STM tip is virtually 
grounded. All dI/dV maps are acquired with a 
closed feedback loop using tunneling voltage 
modulation (amplitude of 50 mV and frequency 
around 800 Hz) and lock-in amplification based 
detection. Image processing is performed by 
Nanotec WSxM [25]. 
  Figure 1(a) illustrates the effect of the modified 
STM tip on the resolution of STM topography 
images of trilayer NaCl(100) on Au(111). 
Modification is controllably achieved by bringing 
the tungsten STM tip into contact with the NaCl 
surface via current-distance I(z) spectroscopy. It can 
be seen in Fig. 1(a) that a drastic enhancement of 
the resolution occurred after the I(z) spectrum was 
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recorded near the middle of the image. The lower 
part is imaged with the bare W tip and exhibits 
rather poor atomic resolution, whereas in the 
upper part the atomic structure of the surface can 
be clearly resolved with a modified tip [see 
Supplementary Material (SM) for more details]. As 
evidenced below, we assign the enhancement of the 
resolution to picking up a Cl ion by the STM tip 
upon contact with the NaCl surface. The transfer of 
the Cl ion from the surface to the tip most probably 
occurs due to an increasing overlap between the 
potential wells associated with Cl adsorption on tip 
and sample as they approach each other [26]. For 
sufficiently close distances the two wells will merge 
into a single one and further retraction of the tip 
under an applied bias may then favor the 
attachment of the Cl to the tip apex.  
  Indeed, we find that a surface defect is always 
created in the NaCl film after the tip modification. 
However, the defect appears to extend to four 
neighboring atom sites, as illustrated in Figs. 
1(b)-(d). Remarkably, the appearance of the defect 
changes drastically after the STM tip has lost its 
functionalization, which can spontaneously occur 
during scanning. When using a bare W tip, the 
defect appears as an atomic size vacancy in the 
NaCl film as can be seen in Fig. 1(e). Such vacancies 
have previously been reported for the case of 
NaCl(100) films on Cu(111) and they were 
identified as missing Cl ions in the NaCl film, also 
referred to as Cl vacancies [19]. The observed 
change in the appearance of the defect indicates 
that contrast reversal occurs in STM topography 
images that are recorded with the modified tip 
when compared to the bare W tip. This contrast 
reversal implies that the modified tip images the Cl
－  ions as depressions and the Na+ ions as 
protrusions. Simulations of the STM topography 
images (discussed below) confirm that the contrast 
reversal is indeed induced by the Cl termination of 
the W tip.  
  Figures 1(b)-(d) presents a series of STM 
topography images recorded with increasing 
current from 0.1 nA to 0.32 nA at a fixed negative 
sample voltage V = －0.8 V. It can be seen that the 
Na+ ions appear larger with increasing current and 
that at the same time the image contrast decreases. 
The corrugations are 45 pm in Fig. 1 (b), 42 pm in 
Fig. 1 (c) and 35 pm in Fig. 1 (d), where the main 
contribution to the corrugation stems from the 
Au(111) herringbone reconstruction.
 
Figure 1. (a) 6.3×6.3 nm2 STM topography image illustrating the influence of the tip modification on the imaging resolution, which 
is drastically enhanced after bringing the STM tip into contact with the NaCl surface (V = －1.0 V, I = 0.2 nA). (b)-(d) 8×8 nm2 
STM topography image recorded with a modified tip at the same tunneling voltage of －0.8 V, and with different current of 0.1 nA, 
0.2 nA, and 0.32 nA, respectively. The surface exhibits a defect that can be assigned to a single Cl vacancy. The color bar indicates 
the z amplitudes of 46 pm, 42 pm and 35 pm for the topography images in (b)-(d), respectively. (e) 3.4×3.4 nm2 STM topography 
image of two Cl vacancies (indicated by the black arrows) recorded at V = －0.8 V and I = 0.16 nA using a bare W tip. (f)-(h) 
Corresponding 8×8 nm2 dI/dV maps of (b)-(d).  
  | www.editorialmanager.com/nare/default.asp 
4 Nano Res.                 
 
  To confirm that the modified tip is terminated by 
a Cl atom and to gain further insight into the 
mechanism of the contrast reversal in topography 
images, we carried out simulations of the STM 
topography with a Green's function based 
formalism that treats the tip on the same footing as 
the sample surface, thus allowing to investigate the 
effect of different tip terminations. We considered 
two differently oriented bare W tips [W(110) and 
W(111)], two Cl-functionalized tips of which one 
oriented along the W(110) direction [denoted as 
W(110)-Cl] and the other one along the (111) 
direction of a hypothetical W fcc phase [denoted as 
W(111)-Cl] [27], as well as a Na-terminated tip 
[W(110)-Na]. The surface was modeled as a 
NaCl(100) trilayer on top of the Au(111) surface. As 
depicted in Fig. 2(a), to describe the surface we 
employed a large c(10×10) NaCl(100) trilayer 
commensurate with a 
11 3
3 11
 
 
 
 Au(111) 
supercell after slightly distorting the Au lattice. All 
simulations were performed with the GREEN 
package [28, 29], using the extended Hückel theory 
(EHT) [30, 31] to describe the electronic structure of 
both the sample and tip (details of the calculation 
parameters as well as the resulting Au and NaCl 
electronic structures are given in the SM). 
  Figures 2(b)-(d) present topography images 
simulated at V = －0.8 V using different tip models 
as described above. The bare W [W(110) and 
W(111)] tips [see Fig. 2(b) and Fig. S10 in the SM, 
respectively] and the Na-terminated tip (see Fig. 
S11 in the SM) result in a weaker corrugation with 
maxima at the Cl atoms for different tunneling 
current. On the other hand, the W(110)-Cl [Fig. 2(c)] 
and W(111)-Cl tips [Fig. S13(b)] result in well 
resolved bumps on top of the Na atoms at 
relatively low currents. Moreover, the W(110)-Cl 
tip resolves both species for particular tunneling 
parameters [Fig. 2(d)]; however, decreasing the 
tip-sample distance (i.e., using larger currents) 
shifts the maxima to the Cl atoms, while increasing 
the tip-sample distance yields the maxima on the 
Na atoms [Fig. 2(c)]. Note that in Fig. 2d there is a 
clear symmetry breaking with respect to the 
expected pmm one (after combining the NaCl's 
4-fold and tip's pmm symmetries) induced by the 
underlying Au substrate. Such asymmetric features 
only become visible at gap resistances where both 
species are resolved and for this particular tip [see, 
for instance, Fig. S13(b) where the 3-fold W(111)-Cl 
tip yields highly symmetric images]. Also note that 
although the large size of the supercell used to 
model the surface may account to some extent for 
the incommensurability between the square 
NaCl(100) and hexagonal Au(111) lattices, it is still 
too small to accommodate the Au(111) herringbone 
reconstruction [32], which causes large-scale 
modulations in the images (see for instance the 
variations between fcc and hcp regions of the 
Au(111) surface in Figs. S3 and S4 and the 
corresponding discussion in the SM). We therefore 
restrict the theoretical analysis below to the 
explanation of the origin of the contrast reversal 
induced by the adsorbed Cl in the topographic 
images since this effect can be clearly seen in all 
regions of the sample. 
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Figure 2. (a) Top view of the trilayer NaCl(100) on Au(111) model used in the simulation. Simulated STM topography at V =    
－0.8 V, (b) using a bare W(110) tip image at I = 0.1 nA, (c) and (d) using a Cl-terminated W(110) tip at I = 0.02 nA (log10I ≈－1.7) 
and I = 0.1 nA (log10I = －1.0), respectively . The dark green and blue circles represent Cl atoms and Na atoms, respectively. (e) I(z) 
curves calculated at V = －0.8 V for the bare W(110) (dashed lines) and W(110)-Cl (solid lines) tips placed on top of a Na atom 
(blue) and on top of a Cl atom (green), respectively. The points are calculated while the lines are only a guide to the eye. 
 
  Figure 2(e) presents simulated I(z) curves for a 
bare W(110) tip and a W(110)-Cl tip with the tip 
apex placed above a Na and above a Cl atom, 
respectively. The simulated I(z) curves for a 
W(111)-Cl tip are similar to those for the W(110)-Cl 
tip [see Fig. S13(a) in the SM]. For the bare tip 
(dashed lines), the current decays faster with the 
tip-sample distance z above a Cl atom than above a 
Na atom, but is always larger above a Cl atom. For 
the Cl-functionalized tip (solid lines), a larger slope 
of the I(z) curve is found above a Cl atom but only 
at smaller tip-sample distances. At z ≈ 4.2 Å 
(corresponding to I ≈ 0.1 nA) the currents above a 
Na atom and above a Cl atom become equal and a 
contrast reversal occurs as the tip is further 
retracted. For z > 4.2 Å Na should then be revealed 
in the topography image. Below the contrast 
reversal point [i.e. the point where the I(z) curves 
above the Na and above the Cl cross], the contrast 
between Na and Cl first rather rapidly increases 
with decreasing current, which is consistent with 
our experimental observations [Figs. 1(b)-(d)], 
indicating that the tunneling conditions for Figs. 
1(b)-(d) are close to the contrast reversal point. 
However, when further decreasing the current, i.e. 
at large tip-sample distances, the contrast will start 
to gradually decrease with decreasing current and 
the I(z) curves above the Na and above the Cl will 
ultimately coincide as expected for z >> 4.2 Å. This 
decrease of contrast with decreasing current for 
low currents is experimentally confirmed in Figs. 
S3(a) and (b) in the SM, which indicates that the 
tunneling conditions in that case are considerably 
below the contrast reversal point. The trends 
described above are the same for a W(111)-Cl tip 
(see I(z) curves in Fig. S13 in the SM). 
  For positive voltages, the behavior of the I(z) 
curves is similar to the behavior observed at 
negative voltages. On the other hand, the exact 
point of contrast reversal is different. Figure S5(a) 
in the SM reveals that the contrast in experimental 
topography images increases with increasing 
current at a fixed positive voltage, which is 
corroborated by the simulations (see Fig. S12 in the 
SM). All these results consistently explain the 
experimental findings and confirm that the 
functionalized tips indeed are terminated by a Cl 
atom. 
  A decomposition of the simulated current into 
tunneling paths (data not shown) reveals that the 
major contributions to the current always involve 
the pz orbitals of the Na or Cl atoms at the surface. 
  | www.editorialmanager.com/nare/default.asp 
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However, as illustrated in Fig. S8(a) and Table S1 in 
the SM, there is a large difference in the level of 
localization of these orbitals between both elements, 
with those of Na much more extended than the Cl 
ones. Hence, the current decays faster at the Cl sites 
(i.e., larger I(z) slope) than at the Na sites. For the 
Cl-terminated tip, the p-orbitals of the Cl apex 
dominate the tunneling current for our 
experimental measurement conditions (tunneling 
voltage and current range), while other states, 
including the W d-orbitals, only have a minor 
contribution to the tunneling current. In case the 
terminated Cl tip is positioned above a Cl atom, the 
overlap between its highly localized pz orbitals 
decays so fast when z > 4.2 Å that the signal 
becomes smaller than at a Na site [Fig. 2(e)] and 
contributions from the more extended pz orbitals of 
the neighboring Na atoms start to dominate the 
current. This explains both the contrast reversal 
and the similar I(z) slopes at the Na and Cl sites 
found at large tip-sample distances for the Cl- 
terminated tips. A similar analysis for the 
W(111)-Cl tip leads to the same conclusions. On the 
other hand, for the bare tungsten tip, taking the 
W(110) tip for example, the contribution of the 
different states to the tunneling current depends on 
the precise location of the tip above the NaCl 
surface. When the W tip is located on top of a Cl 
atom of the NaCl surface, the main contributions 
from the W tip are W-dx2-y2 (60%), W-pz (27%), and 
W-s (10%), which all interact with the pz orbital of 
the Cl atoms of the NaCl surface. However, when 
the tip is located on top of the Na atoms of the 
NaCl surface, we find a complex interplay between 
the different tip and Na states. The largest 
contributions to the tunneling current are W-s→
Na-pz (24%) and W-pz→Na-s (15%). The remaining 
60% contribution comes from a complex 
interference interplay between many different 
paths. Overall, the decay of the overlap between 
the Cl and W states with z is not sufficiently large 
to induce a contrast reversal even at the largest z 
values, in accordance with the experiments. We 
mention that apart from the pure electronic effects 
presented above, dynamical force sensor effects [33] 
may also play a role in the contrast reversal, 
although their influence should become more 
pronounced at small tip-sample distances. 
  We now turn to our experimentally measured 
constant-current dI/dV maps. While we achieved a 
good agreement between the measured and the 
simulated STM topography images for the high 
spatial resolution as well as for the contrast reversal, 
the constant-current dI/dV maps, which are 
conveniently recorded simultaneously with the 
topography images, present an additional  
remarkable characteristic of the modified tip that 
will be illustrated and discussed below. We would 
like to stress that for the constant-current dI/dV 
maps we do not aim at any comparison with 
simulated maps. First of all, full DFT based 
calculations of the local density of states (LDOS) 
probed by a Cl-terminated tip cannot be performed 
at this point. Also, dI/dV maps acquired under 
constant-height or open-feedback-loop conditions 
are more appropriate for comparing theory and 
experiment when focusing on the LDOS [34]. On 
the other hand, for the constant-height or 
open-feedback-loop conditions, our Cl-terminated 
tips do not survive for a sufficiently long time to 
perform a systematic study of the influence of the 
tunneling parameters on the spatial resolution. The 
spatial resolution for open-feedback-loop 
conditions turns out to be prone to fluctuations for 
detailed measurements that require longer 
measuring times. 
  Figures 1(f)-(h) present a series of dI/dV maps 
recorded at the location corresponding to the STM 
topography images of Figs. 1(b)-(d). The dI/dV 
maps are recorded at the same tunneling voltage of 
－0.8 V, but with different settings of the tunneling 
current. While in the corresponding STM 
topography images [Figs. 1(b)-(d)] only Na atoms 
are resolved as protrusions, independent of the 
tunneling current, in the dI/dV maps the 
appearance of the atoms depends strongly on the 
tunneling current, as illustrated in Figs. 1(f)-(h). 
Upon more careful comparison, it can be seen that 
the drastic changes in the constant-current dI/dV 
maps show a clear correlation with the more subtle 
contrast changes observed in the corresponding 
topography images. Remarkably, it can be seen that 
the brightest dI/dV features evolve from one atomic 
species (Na or Cl) to the other when changing the 
tunneling current. At lower current each Na atom 
appears as a ring-like feature in the dI/dV maps 
[Fig. 1(f)]. With increasing current, the diameter of 
the rings gradually increases [Fig. 1(g)] and the 
neighboring rings start to overlap until, at 
sufficiently high currents, the rings can no longer 
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be resolved and the highest dI/dV signal is found 
on the other atomic species, i.e., Cl [Fig. 1(h)]. 
  Increasing/decreasing the current at a constant 
voltage [Figs. 1(f)-(h)] in fact decreases/increases 
the tip-sample distance. The above results therefore 
indicate that the appearance of the atoms in the 
dI/dV maps recorded with the modified tip 
depends mainly on the height of the STM tip above 
the NaCl surface or, equivalently, on the tunneling 
gap resistance. In particular, a contrast reversal in 
the dI/dV maps is found to occur at a specific 
tip-sample distance which in general varies from 
tip to tip due to changes in the apex geometries 
and/or the Cl adsorption sites. These trends in the 
dI/dV maps are the same for positive and negative 
sample voltages and in fact allow to identify if one 
is close to or far away from the contrast reversal 
point. At larger tip-sample distances (well below 
the contrast reversal point) Na is revealed as a dot 
[Figs. 1(f) and Fig. S3(d)], while at smaller 
tip-sample distances (near the contrast reversal 
point) it is revealed as a ring [Figs. 1(g)]. When 
approaching the tip further towards the NaCl 
surface (very close to the contrast reversal point), 
the ring-like features overlap and form a dot on the 
Cl sites [Fig. 1(h)].  
  Notably, the enhanced resolution and the 
reversal processes do not depend on the sign of the 
applied voltage, since similar results are obtained 
under positive biases (Fig. S5 in the SM). Regarding 
the film thickness, bilayer NaCl presents the same 
behavior (Fig. S6 in the SM), while for monolayer 
NaCl we only observe the enhancement in the 
topography images after the tip modification [35], 
but no ring structures in the dI/dV maps. We assign 
this absence to larger tip-sample distances when 
measuring with similar tunneling setpoints, since 
the monolayer film presents a much smaller 
electrical resistance than the bi- and trilayer films. 
Bare W tips, on the other hand, yield dI/dV maps 
with no or only very weak atomic resolutions (see 
Fig. S7 in SM), and hence a detailed comparison of 
the bias/current dependence with the modified tip 
is not feasible. 
  Occasionally, the modified tip is able to 
simultaneously image both the Na atoms and the 
Cl atoms in the dI/dV maps (Fig. S3 in the SM) as 
well as in the topography images (Fig. S4). 
Although the resolution obtained with the 
modified STM tips varies somewhat from tip to tip 
(see Fig. 1 and also Figs. S2-S4 in the SM), the main 
features are consistent: Na atoms are observed as 
ring-like features in the dI/dV maps with their 
diameter depending on the tip-sample distance.      
  In summary, tungsten STM tips were chemically 
modified on ultrathin NaCl(100) films, resulting in 
Cl-functionalized tips that are used to demonstrate 
atomic resolution imaging of NaCl(100) islands on 
Au(111). It was demonstrated that the modified 
STM tips enhance and reverse the contrast in STM 
topography images compared to a bare metal STM 
tip. Simulated STM images, which take into 
account the specific termination of the tip apex, 
demonstrate that the modified STM tips are indeed 
functionalized by a Cl atom. Cl-functionalized tips 
can be used for systematic high-resolution 
investigations of adsorbates, such as adatoms, 
molecules, and nanoclusters, on thin NaCl 
insulating films. The reported approach may be 
generalized to other thin films or 
semiconductor/oxide surfaces. We believe the key 
issue is to have an electronegative atom exposed at 
the surface. This should not necessarily be Cl as 
used in this study, but S or P also should improve 
the resolution. On the other hand, lighter 
electronegative elements such as oxygen or carbon 
present too highly localized orbitals and thus 
require smaller tip-sample distances in order to 
achieve the contrast reversal. In such regime, 
however, dynamical tip-sample interactions may 
become predominant and the interpretation of the 
data becomes less straightforward. 
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